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1
PROSTHETIC DEVICE, SYSTEM AND
METHOD FOR INCREASING VACUUM
ATTACHMENT

FIELD OF ART

The disclosure relates to the field of prosthetic devices,
and more particularly to a prosthetic device, system and
method for increasing vacuum in a vacuum assisted suspen-
sion system.

BACKGROUND

With advancements in prosthetic components, improved
suspension solutions have become a pressing need. Elevated
vacuum suspension has been around for nearly a decade, and
improves proprioception and volume control. The concept is
well accepted and has gained many users.

Many known elevated vacuum solutions on the market
rely solely on sleeves or reflecting liners for placement over
a socket to achieve an airtight seal necessary for an effective
vacuum. This mode of sealing, particularly sleeves, adds to
material thickness over the knee and constrains knee bend-
ing dramatically for trans-tibial amputees.

A vacuum in the sense of elevated vacuum solutions
refers to creating pressure significantly lower than atmo-
spheric pressure. In prosthetic systems, a vacuum is not
applied directly to the skin, but typically between the hard
socket and the skin interface. The vacuum system is adapted
to stabilize soft tissue volume at the residuum that the liner
and hard socket surround and maintain more effective sus-
pension of a prosthetic system.

A significant drawback to known elevated vacuum solu-
tions is they fail to adapt to limb volume change which
occurs particularly when a user is walking. Yet another
drawback is that many known systems have a tendency to
lose suction due to the method used to seal the socket and
hence the vacuum formed. Many of such vacuum systems
are bulky and significantly contribute to the weight of the
prosthetic device, wherein the hard socket may be oversized
to accommodate vacuum chambers, or additional attach-
ments are used to supply or assist in vacuum generation.

In sleeve based systems, a sleeve is applied at the proxi-
mal end of the hard socket and the vacuum is often formed
along the entirety or near entirety of residual limb covered
by the hard socket. The vacuum is formed along the length
of'the covered residual (i.e., “above-knee” vacuum systems)
and does not account for areas of the residual limb more or
less prone to volume change. When the sleeve is removed,
the seal is broken and the vacuum is lost. While valves may
be used in combination with vacuum suspension, these
solutions often lack means to quickly release the vacuum.

There is a need for a prosthetic device, system and method
that provides freedom of vacuum suspension for a prosthetic
system with no sleeve. There is also a call to provide a
prosthetic device, system and method to minimize changes
in the volume of a residual limb with vacuum suspension,
providing secure vacuum without losing suction and confi-
dence to the user over a period of use. There is a demand for
applying a vacuum where it is needed, while still stabilizing
volume and maintaining vacuum suspension. It is desirable
for prosthetic devices to draw a vacuum while being light-
weight and streamlined.

SUMMARY

Embodiments of the prosthetic device, system and
method provide the security and freedom of vacuum sus-
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pension without the sensation and restrictions of a sleeve, or
the accompanying bulk and complicated features and attach-
ments. Without a sleeve, range-of-motion can be less
restricted and the vacuum can be released quickly and easily
by a release valve.

The embodiments address volume fluctuation for effec-
tive volume stabilization. The embodiments have a capacity
to create a distal vacuum and stabilize soft tissue volume and
maintain effective suspension. By locating distal suspension,
the embodiments avoid the risk of proximal vacuum leakage
and any puncture issues that may arise with full vacuum
systems.

The embodiments are preferably but not limited to form-
ing a distal vacuum around the distal part of the limb to
stabilize volume while creating effective and sleeveless
vacuum suspension. The embodiments rely on the under-
standing that the distal end of the limb, where there is
typically more soft tissue, is the area most susceptible to
volume fluctuations and the area which requires efficient
stabilization to maintain good suspension and prosthetic
function. The area closer to the knee containing bones and
tendons is relatively stable over the day and do not fluctuate
significantly in volume, thereby removing the necessity for
negative pressure to be formed throughout the entirety of the
prosthetic socket.

The embodiments comprise a mechanical vacuum pump
or mechanism providing vacuum assisted suspension by
generating negative pressure inside a prosthetic socket worn
over a residual limb, and reducing sliding movement
between the liner and the socket. The function of the
embodiments is automatic as it is activated during gait; the
weight placed on the heel of a prosthetic foot expands the
vacuum pump which efficiently draws air out from the
socket in each step, and expels it into the atmosphere during
swing phase as the reservoir compresses again. The pump
mechanism creates a negative pressure inside the socket,
resulting in secure and reliable elevated vacuum suspension.
The vacuum assisted suspension enables intimate suspen-
sion as the negative pressure formed inside the socket holds
the liner and residuum firmly against the socket wall.

According to an embodiment, a prosthetic system has a
prosthetic foot, a pump mechanism defining first and second
sides, a first member connected to the prosthetic foot and the
first side of the pump mechanism, and a second member
carrying the pump mechanism and engaging the prosthetic
foot. The second side of the pump mechanism is connected
to the second member. The first and second members are
movable relative to one another upon movement of the
prosthetic foot such that the pump mechanism varies in
volume as the first and second members move relative to one
another.

The prosthetic system includes a prosthetic socket in fluid
communication with the pump mechanism and connected to
the prosthetic foot. A tube connects an interior of the
prosthetic socket to a first port of the pump mechanism. The
pump mechanism is arranged to draw air from the prosthetic
socket interior upon expansion of the pump mechanism. The
pump mechanism has a second port including a one-way
valve arranged for expelling air drawn from the prosthetic
socket interior.

A suspension liner has a seal component adapted to
engage at least an interior wall of the prosthetic socket. The
seal component is located on a distal end of the suspension
liner and circumferentially engages the interior wall of the
prosthetic socket defining an interior of the prosthetic
socket. The area distally below the seal component forms a
vacuum zone within the prosthetic socket. The tube connects
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the prosthetic socket interior within the vacuum zone to the
first port of the pump mechanism.

A valve may be secured to the socket and connect the
prosthetic socket interior to the tube. The valve is arranged
to permit expulsion, vacuum bypass and vacuum release.

A second end of the first member is secured to the second
member, and the first member has a first end secured to the
prosthetic foot, and a second end extending freely over a
surface of the prosthetic foot. A compressible heel element
may be connected to the second member and extend
between upper and lower sections of the prosthetic foot.

According to the embodiments of the prosthetic system, a
method for using the embodiments provides vacuum sus-
pension. The method may include the steps of locating the
seal component at a distal area of the suspension liner,
forming a vacuum zone at a distal area of the prosthetic
socket from the seal component to the distal end of the
prosthetic socket, connecting the pump mechanism to the
vacuum zone, and articulating the prosthetic foot to actuate
the pump mechanism to draw a vacuum from the vacuum
zone during gait of a user.

The method may further comprise the steps of connecting
the pump mechanism to the prosthetic socket via a tube
arranged for drawing a vacuum from the interior of the
prosthetic socket and through a first port on the pump
mechanism depending on movement of the prosthetic foot
during gait, and expelling air drawn by the pump mechanism
through a second port on the pump mechanism on move-
ment of the prosthetic foot during gait.

In another embodiment, a prosthetic device is arranged for
securing to a prosthetic foot. The prosthetic device includes
a pump mechanism defining first and second sides, a first
member arranged for securing to a prosthetic foot and
connected to the first side of the pump mechanism, and a
second member carrying the pump mechanism and engaging
the prosthetic foot. The second side of the pump mechanism
is connected to the second member. The first and second
members are movable relative to one another upon move-
ment of the prosthetic foot such that the pump mechanism
varies in volume as the first and second members move
relative to one another.

The pump mechanism includes first and second ports,
where the first port is arranged to draw fluid due to the
increase of volume of the membrane, and the second port
includes a one-way valve is adapted to expel fluid upon
relaxation of the membrane.

The first side of the pump mechanism may be pivotally
coupled to the first member.

A compressible heel element may be securable to a
prosthetic foot, and the first member extends over the heel
element. A connector secures to a first side of the pump
mechanism to the first member.

In an embodiment of the pump mechanism, it may include
a housing having first and second ports, a fluid chamber with
a volume defined by an enclosure at least partially formed
from a flexible material where an upper side of the fluid
chamber is in fluid communication with the first and second
ports, and a connector connected to a lower side of the
enclosure. A portion of the enclosure is shifted to increase
the volume of the fluid chamber.

The pump mechanism may include a tube connected to
the first port. The first port is arranged to draw fluid through
the tube due to the increase of volume of the fluid chamber.
The second port may include a one-way valve. The increase
in the volume of the fluid chamber preferably occurs by
deforming or extending a wall of the enclosure.
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The enclosure may have two opposing walls connected by
at least one side wall. The connector is formed of an insert
attached to the enclosure, and may include a fastener secur-
ing to the insert. In an alternative embodiment, the connector
has a pivotable coupling part.

In a variation, the housing includes an arm section having
first and second ends, a plate section extending from the first
end of the arm section, and a bumper secured to a second end
of the arm section. The first and second ports are located
over the plate section of the housing. The bumper may
include a roller element.

The pump mechanism may be combined in a prosthetic
system including a prosthetic component. The pump mecha-
nism includes a connector connected to a lower side of the
enclosure and the prosthetic component, such that a portion
of'the enclosure is shifted due to movement of the prosthetic
component to increase the volume of the fluid chamber.

The prosthetic component may be a prosthetic foot. In an
embodiment, a first member connects the pump mechanism
to a portion of the prosthetic foot. The first member has an
extending section movable relative to the prosthetic foot
such that when weight of a user is applied to the prosthetic
foot causing motion of the member, a portion of the enclo-
sure is shifted to increase the volume of the fluid chamber.
The first member may secure to a proximal end of the
prosthetic foot, and the extending section extends freely
over at least an ankle portion of a front surface of the
prosthetic foot.

The embodiment may include a second member con-
nected to the first member and extending thereover. The
pump mechanism is preferably mounted to the second
member and the connector mounted to the first member. The
fluid chamber changes in volume between the first and
second members upon action of the prosthetic foot.

According to a variation, the housing of the pump mecha-
nism further includes an arm section having first and second
ends, a plate section extending from the first end of the arm
section, and a bumper secured to a second end of the arm
section. The bumper is arranged to engage the prosthetic
foot.

Embodiments of the disclosure are preferably arranged to
apply an elevated vacuum with a sealing suspension liner,
for example a seal component extending from the suspen-
sion and arranged to engage an inner wall of a socket. The
embodiments preferably employ a single pump mechanism
mounted on and having minimal impact on the function of
a prosthetic foot.

BRIEF DESCRIPTION OF THE DRAWINGS

The prosthetic device is described referring to the accom-
panying drawings which show preferred embodiments
according to the device described. The device, system and
method as disclosed in the accompanying drawings are
illustrated for example only. The elements and combinations
of elements described below and illustrated in the drawings
can be arranged and organized differently to result in
embodiments still within the spirit and scope of the device
described.

FIG. 1 shows a side view of an embodiment of the
prosthetic device.

FIG. 2 shows a side view of another embodiment of the
prosthetic device.

FIG. 3 shows an embodiment of the prosthetic device with
a pump mechanism.

FIG. 4A shows a view of an embodiment of the prosthetic
device having two plates from the front.
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FIG. 4B shows a cross-section of the embodiment in FIG.
4A.

FIG. 5A shows another embodiment of the prosthetic
device which compresses a housing of a vacuum pump to
actuate the pump.

FIG. 5B shows a cross-section of the embodiment in FIG.
5A.

FIG. 6 shows an embodiment of the prosthetic device
having a cylinder block in the heel area of a prosthetic foot.

FIG. 7A shows another embodiment of the prosthetic
device.

FIG. 7B is a cross-sectional side view along line VIIB-
VIIB of the embodiment shown in FIG. 7A.

FIG. 7C is a detailed view of the heel element of the
embodiment shown in FIG. 7A.

FIG. 8 is an elevational view showing a vacuum suspen-
sion system including the embodiment of FIG. 7A.

FIG. 9 is a perspective view of a tri-function valve in the
vacuum suspension system of FIG. 8.

FIG. 10 is an exploded view of the tri-function valve of
FIG. 9.

FIG. 11A is a schematic view of the tri-function valve of
FIG. 9 in expulsion.

FIG. 11B is a schematic view of the tri-function valve of
FIG. 10 in vacuum bypass.

FIG. 11C is a schematic view of the tri-function valve of
FIG. 9 in release.

FIG. 12 is another embodiment of the prosthetic device.

FIG. 13A is a sectional view of the pump mechanism in
FIG. 12 in a first configuration of the prosthetic foot.

FIG. 13B is a sectional view of the pump mechanism in
FIG. 12 in a second configuration of the prosthetic foot.

FIG. 14 is a disassembled view of the pump mechanism
in FIG. 12.

DETAILED DESCRIPTION OF VARIOUS
EMBODIMENTS

A better understanding of different embodiments of the
prosthetic device may be gained from the following descrip-
tion read with the accompanying drawings in which like
reference characters refer to like elements.

While the disclosure is susceptible to various modifica-
tions and alternative constructions, certain illustrative
embodiments are in the drawings and will be described
below. It should be understood, however, there is no inten-
tion to limit the disclosure to the specific embodiments
disclosed, but on the contrary, the intention covers all
modifications, alternative constructions, combinations, and
equivalents falling within the spirit and scope of the disclo-
sure and defined by the appended claims.

It will be understood that, unless a term is expressly
defined in this disclosure to possess a described meaning,
there is no intent to limit the meaning of such term, either
expressly or indirectly, beyond its plain or ordinary mean-
ing.

Any eclement in a claim that does not explicitly state
“means for” performing a specified function, or “step for”
performing a specific function, is not to be interpreted as a
“means” or “step” clause as specified in 35 U.S.C. §112,
paragraph 6.

The embodiments of a prosthetic device will be described
which form part of a vacuum system. A vacuum pump
mechanism having a fluid connection with a socket assists in
creating a vacuum between a residual limb and the socket by
pumping fluid out of the socket. The fluid is pumped out of
the socket when the user puts his weight on a prosthetic foot
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such as upon a heel strike. The compressive force of the heel
strike causes the pump to increase the volume of a fluid
chamber in the pump. The increase in volume of the pump
draws in fluid from the vacuum space between the residual
limb and the socket of a prosthetic limb. In this manner, the
pump decreases the air pressure within the vacuum space
causing a vacuum effect.

After the compressive force is removed during toe-off and
the swing phase of gait, the volume of the fluid chamber in
the pump is decreased. The connection between the vacuum
space and the pump may have a one-way valve, so all of the
air within the volume of the pump is expelled out of an outlet
to another space or to atmosphere. The outlet is provided
with a one-way valve so the vacuum space is the only source
of air.

This method of producing a vacuum effect in the pros-
thetic socket is advantageous over prior methods of com-
pressing the pump to expel air and decompressing the pump
to draw in air. The method described achieves smaller
fluctuations in air pressure than the prior method, so the
difference between the greatest pressure and lowest pressure
in the vacuum space is less in the method described com-
pared to the prior method.

The efficiency of the pump is determined partially by how
effectively the volume of the fluid chamber is reduced. Since
the pump returns to the original state of zero or near-zero
volume at the beginning or end of each cycle, the volume of
the fluid chamber is determined by the compressive force
applied to the pump. In the method described, all fluid drawn
into the pump is expelled afterwards fully utilizing each
cycle. The method described may be implemented using a
pump that has no spring type elements which may affect the
bio-mechanical function of the prosthetic device.

In the prior methods, the system relies on a complete
compression of the pump in expelling air in each cycle to use
the pump to its maximum capacity. It is difficult for complete
compression to occur in every cycle using the gait of a user
as the compressive force since the impact and displacement
of the pump is not consistent and varies between users.

The vacuum suspension system also reduces volume
fluctuations of the residual limb and allows for increased
proprioception and reduced pistoning since there is a better
attachment between the socket and the residual limb. It may
also be beneficial to produce hypobaric pressure below a
certain level in the socket. This may be achieved using a
sealing membrane or seal component between the residual
limb and the socket, instead of the conventional sealing
method of using a sleeve to form an airtight connection
between the residual limb and the proximal end of the
socket. The sealing membrane may be on a prosthetic liner
as described in U.S. Pat. No. 8,034,120 incorporated by
reference and belonging to the assignee of this disclosure.

The benefit of using a liner having a seal or seal compo-
nent reduces the volume of air to be drawn out of the socket
and therefore, a better suspension may be achieved in a
shorter time period. Using a silicone liner with integrated
seal also provides the added benefit that the hypobaric
region is not directly applied to the skin.

The vacuum pump mechanisms in the embodiments of the
prosthetic device described are generally described as a
pump mechanism. A bladder-type pump may be used in the
embodiments in place of a membrane-type pump, and a
skilled person would understand that the pump mechanisms
described may also be used with a bladder-type pump and
vice versa.

A bladder-type pump has an interior fluid chamber sur-
rounded by an airtight material. When the interior chamber
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is expanded, the opposing walls are moved away from each
other by extending at least one side wall of the pump. The
side walls of the bladder-type pump may have an accordion-
like shape or be formed of a polymeric material which allow
for the increase in distance between the opposing walls.

A membrane-type pump has at least one wall of flexible
material and a second opposing wall which may be rigid or
flexible. The edges of the two walls are attached to each
other such that when a force applies to the pump to expand
the interior fluid chamber, the force deforms at least the
flexible wall, and the flexible wall arcs outward to form an
interior fluid chamber. To allow for deformation, the flexible
wall may be made of a polymeric material including elas-
tomeric material such as rubber or plastic.

The bladder-type pump and membrane-type pump are
arranged so that when no force applies to the pump or no
weight is placed on the prosthetic device the volume of the
interior fluid chamber is zero or near-zero. The pumps
described and shown have a cylindrical shape. A skilled
person would understand that the pumps may have a variety
of shapes, for example, a diamond, rectangular, or triangular
shape.

The specific embodiments of the prosthetic device will
now be described regarding the figures.

First Embodiment of the Prosthetic Device

FIG. 1 shows a first embodiment of the prosthetic device
comprising a pump mechanism 2 and a prosthetic foot 4. The
pump mechanism 2 has two opposing walls and at least one
side wall. The prosthetic foot 4 has an ankle area 8, a heel
area 10, and a movable member 12 attached at one end to the
prosthetic foot 4 and extending over the front of the pros-
thetic foot 4 leaving an unattached end. The attached end of
the moveable member 12 may be pivoting or non-pivoting.
The moveable member 12 generally follows the curvature of
the front of the prosthetic foot 4 and a clearance between the
moveable member 12 and the front of the prosthetic foot 4
gradually increases. The pump mechanism 2 is placed in the
clearance between the movable member 12 and the front of
the prosthetic foot 4 within the ankle arca 8 near the
unattached end of the moveable member 12. One side of the
pump is attached to the member 12 and another side of the
pump is attached to the prosthetic foot 4.

The pump mechanism 2 may be a bladder-type pump or
a membrane-type pump as discussed above. FIG. 1 shows
the pump mechanism 2 as being a bladder-type pump. The
bladder-type pump may be formed of an elastomeric mate-
rial such that the walls of the pump mechanism 2 can stretch
when opposing forces apply to the opposing walls of the
pump mechanism 2.

When a user steps, such as a heel strike, weight is placed
on the heel of the foot 4 and the moveable member 12 moves
away from the foot 4 pulling the attached wall and causing
the volume of the internal fluid chamber of the pump
mechanism 2 to increase. The increase in volume of the fluid
chamber draws fluid into the interior fluid chamber. During
the stance phase or toe-off, the moveable member 12 com-
presses the pump mechanism 2 decreasing the volume of the
internal chamber and causing the pump mechanism 2 to
expel fluid within the fluid chamber. The pump mechanism
2 may be fitted with one-way valves to control the direction
of fluid flow so that fluid is not drawn from the atmosphere
when the volume of the internal chamber is increased, and
the fluid is not expelled into the socket when the pump
mechanism 2 is compressed.
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The vacuum pump mechanism 2 can be placed in various
areas of the prosthetic foot 4 along the front of the foot. As
shown in FIG. 2, the movable member 12 may be attached
to the shin of the prosthetic foot 4 and extend towards the
pylon attachment point of the prosthetic foot 4. The move-
able wall 12 is attached using a common foot attachment 20.
The vacuum pump mechanism 2 is similarly placed near the
unattached end of the moveable member 12. In an embodi-
ment as shown in FIG. 2, the moveable member 12 com-
prises a first piece 14 and a second piece 16 connected at a
non-pivoting joint 18. Using two pieces 14, 16 provides a
greater overall range of distances between the wall and the
prosthetic foot at the open end.

The moveable member 12 and pieces 14, 16 may be
formed of many materials including carbon fiber, plastic,
and metal. The moveable member 12 may take a variety of
forms including a plate, wire, or arm.

In this embodiment, as used in others, the moveable
member 12 connects to the proximal end 5 of the prosthetic
foot 4, whereat a connector 7 carries a male pyramid adapter
9.

Second Embodiment of the Prosthetic Device

FIG. 3 shows another embodiment of the prosthetic
device comprising a vacuum pump mechanism 2 and a
prosthetic foot 4. The vacuum pump mechanism 2 in this
embodiment is a membrane-type pump comprising a flexible
membrane 22 and a rigid wall 24. The flexible membrane 22
forms a seal with the rigid wall 24. In FIG. 3, this seal may
be formed by having the flexible membrane 22 extend over
and around the edges of the rigid wall 24 such that the rigid
wall 24 fits within a recess formed by the edges of the
flexible membrane 22. An airtight seal between the rigid
wall 24 and the edges of the flexible membrane 22 may be
formed using an adhesive.

A moveable member 30 is attached at one end to the
prosthetic foot 4 in the midfoot area with a pivoting attach-
ment 28, and the moveable member 30 wraps around the
heel area 10 of the foot 4. The portion of the moveable
member 30 located within the heel area 10 maintains contact
with the heel portion of the foot 4 such that on a heel strike
the heel portion of the foot 4 rotates the arm upward and
pulls the rigid wall 24 causing a deformation of the flexible
membrane 22. Simultaneous to the upward movement of the
moveable member 30, the ankle portion of the foot 4 moves
downwards.

The total deformation of the flexible membrane 22 com-
bines the displacement of the rigid wall 24 caused by the
upward movement of the moveable member 30 and the
downward movement of the ankle portion to which the
flexible membrane 22 is attached. The flexible membrane 22
and rigid wall 24 are simultaneously pulled away from each
other, and the displacement between the bottom of the
flexible membrane 22 and the rigid wall 24 corresponds to
the displacement between ankle and heel portions of the
prosthetic foot 4.

During displacement of the flexible membrane 22 and the
rigid wall 24, a fluid chamber is formed or the volume of an
existing fluid chamber is increased to draw in air through a
one-way valve 26 by deforming the flexible membrane 22.
In the embodiment in FIG. 3, the flexible membrane 22 has
a circular shape and is attached to the prosthetic foot at its
center point while the edges of the flexible membrane 22 are
firmly attached to the rigid wall such that when the flexible
membrane 22 and rigid wall 24 are pulled away from each
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other a pocket forms in the middle of the flexible membrane
due to the deformation of the flexible membrane 22.

Once weight is removed from the heel portion of the
prosthetic foot 4, the flexible membrane 22 and rigid wall 24
move towards each other and fluid within the fluid chamber
is expelled out of a one-way valve 26.

Third Embodiment of the Prosthetic Device

FIG. 4 shows another embodiment of the prosthetic
device having a prosthetic foot 4 and a membrane-type
vacuum pump mechanism 2. The moveable member 30 in
this embodiment is formed as a combination of two move-
able plates 32, 34. The top plate 32 is connected to the rigid
wall 24 and, in FIG. 4, is shown as extending through the
rigid wall 24. The bottom plate 34 is connected to the
flexible membrane 22 near the membrane’s attachment point
40 to the prosthetic foot 4. The bottom plate 34 is also
attached to the front of the prosthetic foot 4 in the shin area
of the foot 4. The bottom plate 34 follows the curve of the
foot 4 by having a substantially constant clearance between
the bottom plate 34 and the foot 4. Near the midfoot and
forefoot areas, the clearance between the bottom plate 34
and the foot 4 increases so the bottom plate 34 does not
impede the gait of the user.

The top plate 32 is present between the ankle area and the
midfoot area of the foot 4 and is partially parallel to the
bottom plate 34. The top plate 32 and the bottom plate 34
meet in the midfoot area and form a firm connection at a
common attachment point. The top plate 32 has two arms 42
which extend down each side of the foot 4 from the top plate
32 to the heel area of the prosthetic foot 4. A heel cylinder
36 is connected between the arms 42 and rests on the heel
of the foot 4.

Similar to a previous embodiment, the vacuum pump
mechanism 2 in the embodiment in FIG. 4 utilizes the
displacement which occurs between the ankle area and the
heel area of the foot during a heel strike to increase the
volume of the fluid chamber within the vacuum pump
mechanism 2. When the heel strikes the ground, the heel of
the foot 4 presses on the heel cylinder 36 and causes the top
plate 32 and rigid wall 24 to shift away from the front of the
prosthetic foot 4. The ankle of the foot 4 is depressed
causing the membrane fixed to the rigid wall 24 and the foot
4 to be deformed expanding the fluid chamber within the
pump mechanism 2.

The pump mechanism 2 can be arranged at a variety of
points on the front of the prosthetic foot in combination with
different angles of the arms 42 to maximize the length of the
displacement between the stationary position of the pump
and compressed position.

The membrane used in the embodiments described can
vary in thickness in different areas and in shape. The
thickness of the membrane may be thicker at the portions
attached to the rigid wall to create a stronger connection and
greater deformation of the membrane wall. Similarly, the
membrane wall may be thinner than the attachment portions
to allow for greater displacement with less force. The
membrane may a cylindrical shape or a tapered shape as
shown in FIG. 4B.

Fourth Embodiment of the Prosthetic Device

FIGS. 5A and 5B depict another embodiment of the
prosthetic device. FIG. 5A is a side view of the prosthetic
device, and FIG. 5B is a cross-section of the embodiment in
FIG. 5A.
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The pump mechanism 2 in FIG. 5A comprises a flexible
enclosure 44 and a housing 46. The housing 46 has a
semicircular shape having an open end. The interior wall of
the housing 46 along the open end has an indentation for
receiving the flexible enclosure 44, and the flexible enclo-
sure 44 forms a covering for the open end. The exterior wall
of' the flexible enclosure 44 is attached to the housing 46. An
anchor member 48 extending from the foot 4 through the
housing 46 attaches to the other side of the flexible enclosure
44.

Upon a heel strike, the interior wall is deformed due to
stress placed on the edges of the interior wall and an interior
fluid chamber is formed or expanded. The ankle and heel of
the foot 4 compress the housing 46 and shift the housing 46
outwards which causes the housing 46 to push the edges of
the flexible enclosure 44 outwards. Meanwhile, the anchor
member 48 is firmly attached to the interior enclosure wall,
preferably near the center of the interior enclosure wall, and
since the interior enclosure wall remains stationary, the
outward movement of housing 46 causes at least the interior
wall to deform and increase the volume of an interior fluid
chamber.

The compressive force on the housing 46 is provided
along a first axis 56, and the resulting expansion of the fluid
chamber is along a second axis 58 substantially perpendicu-
lar to the first axis 56.

The anchor member 48 preferably ends with an arm plate
50 attached to the interior enclosure wall. The arm plate 50
is semi-rigid so that once the compressive force is removed
from the housing 46, the housing 46 and the flexible
enclosure 44 return to their unextended state which causes
the fluid drawn into the interior fluid chamber to be expelled.

The anchor member 48 may be attached to the interior
wall using hooks or adhesive or some other form of
mechanical connection. The arm plate 50 may be provided
with hooks which attached to the interior wall of the
enclosure 44. The hooks may also fit within a groove along
the interior circumference of the wall such that when the
housing shifts outward the hooks remain in the groove
causing the attachment point of the wall to remain stationary
while the edges around the interior wall shift outward.

In another embodiment, the enclosure 44 is formed of two
separate opposing walls. The opposing walls are attached to
each other using a mechanical connection such as a screw.
A seal is formed between the opposing walls through the
strength of the mechanical connection.

The flexible enclosure 44 is described as operating as a
membrane-type pump, and a skilled person would under-
stand that the flexible enclosure 44 may also be in a
bladder-type pump having a reciprocating wall.

Fifth Embodiment of the Prosthetic Device

FIG. 6 shows an embodiment of the prosthetic device
using the pump mechanism 2 of the embodiment in FIGS.
5A and 5B. In the embodiment of FIG. 6, the pump
mechanism 2 is attached on the front of the prosthetic foot
4 in the ankle area of the foot 4. The anchor member 48
wraps around a cylindrical block 52 and through the foot 4
to connect to the pump mechanism 2.

In this embodiment, the housing 46 remains stationary
while the cylindrical block 52 is pushed outwards when
weight applies to the heel of the foot 4. The interior flexible
enclosure wall is pulled due to a pulley effect create by the
outward movement of the cylindrical block 52 on the anchor
member 48 to which the interior wall is attached. When the
anchor member is pulled outwards, the interior wall flexes or
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deforms starting at the attachment point of the interior wall
and the anchor member to cause the interior fluid chamber
to expand. For an embodiment using a bladder pump, the
interior wall may reciprocate within the housing.

The anchor member may be a cable or wire made of a
flexible material such as an elastomeric material, metal, or
plastic.

Sixth Embodiment of the Prosthetic Device

The sixth embodiment of the prosthetic device in FIGS.
7A-7C is similar to the third embodiment illustrated in
FIGS. 4A and 4B. Elements similar between these embodi-
ments are identified with the same reference numerals.

The prosthetic foot 4 has a vacuum pump mechanism 65
attached to the foot 4 through two plates 32, 34. The pump
mechanism 65 is placed on a top surface of top plate 32 and
operable between the two plates as shown in more detail in
FIG. 7B. The pump mechanism 65 has a housing 66 con-
taining two one-way valves 68, 70, a membrane 22, and a
membrane connector 86. The valve 68 only allows fluid to
enter the pump mechanism 65 and is connected to a tube 72.
Through the tube 72, the pump mechanism 65 is in fluid
communication with the cavity of the prosthetic socket. The
tube 72 may be secured to the foot 4 with a tube attachment
74. The other valve 70 only allows fluid to be expelled out
of the pump mechanism 65 preferably to atmosphere.

Similar to the third embodiment, upon a heel strike, the
force on the heel of the foot 4 and a heel element 76 in the
direction of arrow 96 in FIG. 7C relative to the foot flexes
causes the top plate 32 to flex near the anterior end portion
of the top plate 32 to pull the housing 66 away from the
membrane 22. When the housing 66 attached to the top plate
32 pulls away from the membrane 22, the membrane 22
attached to the bottom plate 34 is deformed and an interior
fluid chamber is formed pulling in fluid through valve 68.
When the force from the heel strike is removed, the inherent
properties of the material of the top plate 32 return the top
plate 32 to its unflexed state. During the return of the top
plate 32 to its unflexed state, the pump mechanism 65 expels
fluid in the fluid chamber out of the valve 70. To meet the
stiffness/flexibility, strength, and weight requirements
needed for use on a prosthetic foot, the plates 32, 34 are
made of a stiff but elastically bendable or deformable
material such as carbon fiber, plastic, or metal.

As discussed, the pump mechanism 65 relies upon defor-
mation of a membrane 22 to increase the volume of a fluid
chamber located between the bottom surface of the housing
66 and the top surface of the membrane 22. The housing 66
surrounds the outer edge of the membrane 22 and creates an
airtight seal with the membrane 22. The membrane and
surrounding portion of the housing 66 rest within an opening
in the top plate 32. The housing 66 has a lip which extends
beyond the membrane 22 and surrounding portion of the
housing to rest on the top surface of the top plate 32 and
allows the top plate 32 to pull the housing 66 away from the
membrane 22 when flexed.

The bottom surface of the housing 66 has two openings
which extend into the housing to form internal passageways
84 to provide fluid communication between the internal fluid
chamber and the two one-way valves 68, 70. The bottom
surface of the housing 66 complements the top surface of the
membrane 22 such that when no force is exerted on the
pump mechanism 65 to expand the fluid chamber, the
volume of the fluid chamber is zero or near-zero. As shown
in FIG. 7B, both the bottom surface of the housing 66 and
the top surface of the membrane 22 are preferably flat. The
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housing 66 may be formed of metal such as stainless steel or
plastic or any other material which would provide sufficient
strength to resist deformation or damage when pulled away
from the membrane 22.

The pump mechanism 65 may be easily removed and
reattached with no tools through a connector 86 on the
membrane 22. The connector 86 is formed of an insert 88
having a circular end embedded in the membrane 22 and a
fastener, such as a screw 90. The connector 86 anchors the
membrane 22 to the bottom plate 34. The screw 90 having
a circular end is used with the insert 88 to form the connector
86. The bottom plate 32 has two partially overlapping
circular openings. The first circular opening is larger than the
circular end of the screw 90 while the second circular
opening is smaller than the circular end of the screw 90. To
fixedly attach the pump mechanism 65 to the plates 32, 34
the screw 90 is inserted through the opening of the top plate
32 and then the first opening of the bottom plate 34 such that
the lip of the housing 66 rests on the top plate 32. The user
then slides the pump mechanism 65 into the smaller second
circular opening and snaps the pump mechanism 65 into
place. The insert 88 and the screw 90 may be formed of
metal. Through the structure of the pump mechanism 65 and
the plates 32, 34, the pump mechanism 65 has the benefit of
being easily and quickly replaced.

The top plate 32 is provided with an opening 82 to enable
easier flexion of the top blade near the attachment point 80.
The size and shape of the opening 82 may be adjusted to
change the force needed on the heel strike to flex the top
plate 32. The attachment at attachment point 80 may be in
a screw.

The heel element 76 is located between and attached to
the two arms 42 of the top plate 32 which extend down either
side of the foot 4, and the heel element 76 rests on the heel
portion of the foot 4. The heel element 76 is preferably
contoured such that the entirety of at least the outer edges of
the bottom surface of the heel element 76 are in contact with
the surface of the heel portion of the foot 4 upon which the
heel element 76 rests. Through the contoured shape of the
heel element 76 and the length and material of the top plate
32 and its two arms 42, the heel element 76 is held in place
on the heel of the foot with no mechanical attachment
between the heel element 76 and the heel of the foot.

To provide a lightweight pump mechanism 65 and pump
mechanism on the prosthetic foot 4, the heel element 76 has
an upper recess surrounded by raised edges 92. The raised
edges 92 are formed such that the edges 92 provide a
supporting surface for the curved ankle area of the foot 4.
The edges 92 also control the maximum flexion of the top
plate 32 and therefore, expansion of the pump mechanism
65.

As seen in FIGS. 7B and 7C, the raised edges 92 are
contoured to receive the ankle area of the foot upon a heel
strike. The heel element 76 is further provided with a
plurality of slots 78 which extend through the heel element
76 to reduce the weight of the heel element 76. The slots 78
also allow particles or dirt to pass through the heel element
76 so the particles do not become trapped between the heel
element 76 and the foot 4 and cause damage to the foot 4.
The heel element 76 has a lower recess 94 on the bottom
surface near the center which corresponds to space between
the two blades of the prosthetic foot which form the heel.

An insert, which may have an “H” shape (not shown), fits
between the blades of the heel and extends between the
lower recess 94 of the heel element 76 and the blades of the
heel. The insert may be formed of rubber and is used to
provide a uniform pressure distribution from the heel of the
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foot 4 to the heel element 76. If the force on heel strike is
only placed on one blade of the heel, some force is distrib-
uted to the other side and blade of the heel.

The embodiments described may be used with a pros-
thetic socket as described in U.S. Pat. No. 6,589,289 incor-
porated by reference and belonging to the assignee of this
disclosure.

The embodiments described may be used with a pros-
thetic foot as described in U.S. Pat. No. 6,969,408 incorpo-
rated by reference and belonging to the assignee of this
disclosure.

FIG. 8 illustrates a prosthetic device or a vacuum sus-
pension system 100 including the pump mechanism 65 of
FIG. 7A. The vacuum suspension system has a socket 102,
a liner 104 preferably including a seal component 106, a
valve 108, a tube 110 connecting the pump mechanism 65 to
the socket 102, and a prosthetic foot 114. The socket defines
an interior space 103, and interior walls 105 delimiting the
interior space. The vacuum suspension system 100 may also
employ a shock and/or rotation module 112. The shock
and/or rotation module may be replaced with the connector
and adapter system under the embodiment of FIG. 1.

The vacuum suspension system 100 provides improved
proprioception and volume control. The vacuum suspension
system 100 includes the pump mechanism 65, as discussed
in earlier embodiments, which provides a vacuum assisted
suspension by generating a negative pressure (vacuum)
inside the socket 102. The function of the vacuum suspen-
sion system is fully automatic. The weight of the user is
placed on the heel of the prosthetic foot 114 and expands the
vacuum pump to efficiently draw air out of the socket in each
step and expel it into the atmosphere during swing phase as
the reservoir compresses again. The pump mechanism 65
creates a negative pressure inside the socket, resulting in a
secure and reliable elevated vacuum suspension. The
vacuum assisted suspension results in a secure and intimate
suspension as the negative pressure formed inside the socket
102 within a vacuum zone 107 holds the liner 104 and the
residuum firmly to the socket wall.

The vacuum suspension system 100 in combination with
the liner 104 having a seal component 106 preferably at the
proximal portion of the line allows for a transtibial amputee
to move freely without pulling on the knee joint. This
provides better comfort during daily activities and when
sitting or driving.

The liner 104 may be of type including a seal component,
preferably the liner with a seal component described in U.S
patent application publication no. 2013/0053982, published
on Feb. 28, 2013, incorporated by reference, and sold as the
ICEROSS SEAL-IN V LINER by Ossur hf. Other liners
having a seal component may likewise be used including
liners disclosed in U.S. Pat. No. 7,025,793, granted on Apr.
11, 2006, U.S. Pat. No. 7,909,884, granted on Mar. 22, 2011,
U.S. Pat. No. 8,034,120, granted on Oct. 11, 2011, U.S. Pat.
No. 8,052,760, granted on Nov. 8, 2011, U.S. Pat. No.
8,097,043, granted on Jan. 17, 2012, and U.S. Pat. No.
8,956,422, granted on Feb. 17, 2015. Each of these refer-
ences is incorporated by reference. The vacuum suspension
system is not limited to the liners mentioned above, and
other liners whether with or without a seal may be
employed.

The shock absorption from the rotation/shock module is
independent of the pump module 4 which harvests a small
amount of the heel motion for efficient vacuum generation.
A rotation/shock module useable with the vacuum suspen-
sion system 100 is found in at least U.S. Pat. No. 6,478,826,
granted on Nov. 12, 2002, U.S. Pat. No. 6,969,408, granted
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on Nov. 29, 2005, and U.S. Pat. No. 7,371,262, granted on
May 13, 2008, incorporated by reference and belonging to
the assignee of this disclosure. A commercial example of the
foot and shock module may be the RE-FLEX SHOCK or
RE-FLEX ROTATE sold by Ossur hf of Reykjavik, Iceland.

FIGS. 9 and 10 illustrate an embodiment of the valve 108
for the vacuum suspension system 100. As shown in FIGS.
11A-11C, the valve 108 may be considered a tri-function
valve in that it permits expulsion, vacuum bypass, and
release.

FIG. 10 shows the valve 108 as having a cap or release
button 118 and spring 120 inserted into a valve core 122, and
interlocked by inserting a first o-ring or gasket 124 onto a
smaller end of the release button 118 as it protrudes from the
valve core 122. The cap key 116 is used to screw on or off
the cap or release button 118 for checking the parts within
the valve. A membrane 126 is inserted into an interior
groove 152 formed on the valve core 122. A valve foam air
filter 128 is inserted into a groove on a valve inner housing
130. The valve core 122 and the valve inner housing 130 are
fastened to one another.

A second ring or gasket 132 and a third ring or gasket 134
are inserted into an interior groove 154 on a valve outer
housing 136. A check valve 144 is inserted into an aperture
156 on the valve outer housing 136 and is interlocked with
a tube connector 146.

The valve foam 138, screw 140 and valve insert 142 are
used for mounting the valve 108 onto a socket. While the
valve foam 138 and screw 140 may be removed after the
socket is formed, the valve insert 142 remains on the socket
and is used for coupling the valve 108 thereto. The shaft 148
of the valve inner housing 130 extends through an opening
158 of the valve insert 142 and into the socket 102 for fluid
communication therewith for forming the vacuum.

The valve inner housing 130 is inserted into the valve
outer housing 136. This arrangement of the valve outer
housing 136 in combination with the gaskets used therewith
is that the valve inner housing 130 and associated parts can
be tightened or rotated regardless of the direction of the
valve outer housing 136. The valve outer housing 136 can
rotate relative to the socket with no loss of vacuum. This
allows for accommodating any movement from the tube 110
coupled to the pump module 4 and the prosthetic foot 114.

As exemplified in FIGS. 11A-11C, FIG. 11A shows how
the valve 108 permits expulsion of air through apertures 150
formed within the valve core 122, with air entering through
the shaft 148, and exiting through the apertures 150. This
arrangement allows the valve 108 to easily expel air from
within the socket, for example, when the socket is donned.

FIG. 11B shows the valve 108 when it serves as a vacuum
bypass. In this configuration, the air is expelled from the
socket through the shaft 148 and is draw (by vacuum)
through the tube connecter 146 and check valve 144. The
check valve 144 can maintain an airtight even if the tube
connecting the pump module to the socket fails.

FIG. 11C shows an embodiment where pressing the
release button 118 lets air into the socket and releases the
vacuum, for example, so that the socket can be doffed. In this
embodiment, the air enters through the apertures 150 and
channels through the shaft 148 to introduce air into the
socket.

Seventh Embodiment of the Prosthetic Device
FIG. 12 illustrates another embodiment of a pump mecha-

nism 67 mounted on yet another different prosthetic foot 4.
According to this embodiment, the prosthetic foot 4 includes
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a plate-like foot member 75 attached to a resilient heel
member 77. A top mount 79 extends over the resilient heel
member 77, and carries an adapter 9. An example of the
prosthetic foot is described in greater in U.S. Pat. No.
8,961,618, granted Feb. 24, 2015, and commercially avail-
able as the FLEX-FOOT BALANCE by Ossur hf. This
patent is incorporated by reference and belongs to the
assignee of this disclosure.

As shown in FIGS. 13A and 13B, the pump mechanism 67
is rocked back and forth as the foot plate 75 heel strikes
(FIG. 13A) and toe strikes (13B). During a heel strike, as
depicted in FIG. 13A, the membrane 22 is in a relaxed
position and draws no vacuum from the socket via the tube
72. The one-way valve 70 only permits expulsion of air from
the pump mechanism. During a toe strike, as depicted in
FIG. 13B, the membrane 22 expands as it is pulled away
from the top mount 79, and draws a vacuum (as evidenced
by the arrow), whereas the air is expelled from the valve 70.

One will understand that the vacuum of this embodiment
can be opposite of that of the embodiment depicted in FIGS.
7A-7C. In particular, FIGS. 13A-13B depict an embodiment
where air is drawn out of the socket during a toe strike (FIG.
13B). In contrast, FIGS. 7A-7C depict an embodiment
where air is drawn out of the socket during a heel strike.

In FIGS. 13A-13B, the membrane 22 is mounted under a
plate section 166 of a rocker device 160. The rocker device
160 includes a bumper 162 at a first end and arranged for
engaging the foot plate 75 at various phases of a walker’s
gait. A limiter 178 is provided under the plate section to limit
rocking of the plate section 166. As the bumper 162 strikes
the foot plate 75, an arm 164 extending from the bumper 162
and connecting to the plate section 166 causes the plate
section 166 to draw away from the top mount 79. As the
bumper 162 strikes the foot plate 75, an arm 164 extending
from the bumper 162 and connecting to the plate section 166
causes the plate section 166 to draw away from the top
mount 79.

FIG. 14 depicts the membrane 22 as having a coupling
168 with an aperture 174 and arranged to engage a pin 172
having an aperture 176, whereas the coupling 168 and pin
172 are retained by a spring lock 170. The coupling 168 is
sized to permit pivoting of the pump mechanism 67 relative
to the top mount 79.

The embodiments described may be used with a pressure
regulator to insure the safety and comfort of the user which
may be achieved using mechanical and/or electronic meth-
ods known in the industry.

While the foregoing embodiments have been described
and shown, alternatives and modifications of these embodi-
ments, such as those suggested by others, may be made to
fall within the scope of the invention. The principles
described may be extended to other types of prosthetic or
orthopedic devices.

The invention claimed is:

1. A prosthetic system comprising:

a pump mechanism operatively connectable to a pros-

thetic foot, the pump mechanism including:
a housing defining first and second ports;
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a membrane having an outer edge portion secured to
the housing;

a fluid chamber with a volume defined between the
housing and a first side of the membrane, the fluid
chamber in fluid communication with the first and
second ports;

a connector attached to a second side of the membrane
opposite the first side of the membrane, the connec-
tor operatively connecting the membrane to the
prosthetic foot such that when no weight is placed on
the prosthetic foot the volume of the fluid chamber is
zero or near-zero and when weight of a user is placed
on the prosthetic foot during a heel strike the mem-
brane deforms to expand the volume of the fluid
chamber.

2. The system of claim 1, wherein the housing surrounds
the outer edge portion of the membrane and creates an
airtight seal with the membrane.

3. The system of claim 2, wherein the connector is
attached to a central portion of the membrane defined
radially inside of the outer edge portion of the membrane.

4. The system of claim 3, wherein the weight of the user
applied to the prosthetic foot causes the central portion of the
membrane to pull away from the housing to increase the
volume of the fluid chamber.

5. The system of claim 3, wherein the weight of the user
applied to the prosthetic foot causes the housing to pull away
from the central portion of the membrane to increase the
volume of the fluid chamber.

6. The system of claim 1, wherein the first side of the
membrane is substantially flat and a bottom surface of the
housing engages and substantially complements the first
side of the membrane.

7. The system of claim 1, wherein the connector includes
an insert embedded in the membrane.

8. The system of claim 7, wherein the insert has a circular
end embedded in the membrane and a fastener.

9. The system of claim 1, further comprising a tube
connected to the first port.

10. The system of claim 9, wherein the first port is
arranged to draw fluid through the tube dues to the increase
of volume of the fluid chamber.

11. The system of claim 1, wherein at least one of the first
and second ports includes a one-way valve.

12. The system of claim 1, wherein the pump mechanism
is positioned along a dorsal aspect of the prosthetic foot.

13. The system of claim 1, wherein the prosthetic foot
includes a foot member and a heel member attached to the
foot member, and wherein the housing is secured to a first
plate member engagable with the heel member and the
connector is securable to a second plate member attachable
to the first plate member and the foot member.

14. The system of claim 13, wherein the pump mechanism
is operable between the first and second plate members.

15. The system of claim 13, wherein the housing includes
a lip portion extending radially beyond the membrane and
arranged to rest on a top surface of the first plate member.
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